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(57) ABSTRACT

In one aspect, a method of forming a multiple V, device
structure includes the steps of: forming an alternating series
of channel and barrier layers as a stack having at least one
first channel layer, at least one first barrier layer, and at least
one second channel layer; defining at least one first and at
least one second active area in the stack; selectively remov-
ing the at least one first channel/barrier layers from the at
least one second active area, such that the at least one first
channel layer and the at least one second channel layer are
the top-most layers in the stack in the at least one first and
the at least one second active areas, respectively, wherein the
at least one first barrier layer is configured to confine charge
carriers to the at least one first channel layer in the first active
area.
9 Claims, 4 Drawing Sheets
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MULTIPLE V. IN III-V FETS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a divisional of U.S. application Ser.
No. 14/578,934 filed on Dec. 22, 2014, the contents of which
are incorporated by reference herein.

FIELD OF THE INVENTION

The present invention relates to multiple threshold voltage
(V) field effect transistor (FET) devices and more particu-
larly, to techniques for achieving multiple V , in III-V FETs
by using an electron affinity of the III-V material to change
the V.

BACKGROUND OF THE INVENTION

Multiple threshold voltages (V) are needed for micro-
processors. The V. of long-channel field effect transistors
(FETs) tracks flat-band voltage V.. For a metal-oxide
semiconductor (MOS) capacitor, Vz=¢,,~x, where ¢,, is
metal work function, and y is electron affinity.

Multiple V, can be achieved using multiple gate metals
(multiple ¢,,). However, this approach is complicated
because finding multiple gate metals that satisfy the V.,
requirement is not easy.

Therefore, improved techniques for achieving multiple
V;FETs would be desirable.

SUMMARY OF THE INVENTION

The present invention provides techniques for achieving
multiple threshold voltage (V) in III-V FETs by using an
electron affinity of the III-V material to change the V. In
one aspect of the invention, a method of forming a multiple
V; device structure is provided. The method includes the
steps of: forming an alternating series of channel layers and
barrier layers as a stack on a side of a buried oxide (BOX)
opposite a substrate, wherein the stack includes at least one
first channel layer present over at least one first barrier layer,
and at least one second channel layer present below the at
least one first barrier layer, wherein the at least one first
channel layer includes a first I1I-V material and the at least
one second channel layer includes a second III-V material,
and wherein the first III-V material has a different electron
affinity from the second III-V material; defining at least one
first active area and at least one second active area in the
stack; selectively removing the at least one first channel
layer and the at least one first barrier layer from the at least
one second active area, such that the at least one first channel
layer is a top-most layer in the stack in the at least one first
active area, and the at least one second channel layer is a
top-most layer in the stack in the at least one second active
area, wherein the at least one first barrier layer is configured
to confine charge carriers to the at least one first channel
layer in the first active area; and forming at least one first
gate on the at least one first channel layer in the at least one
first active area, and at least one second gate on the at least
one second channel layer in the at least one second active
area, wherein the at least one first channel layer serves as a
channel of a first field effect transistor (FET) in the at least
one first active area, and the at least one second channel
layer serves as a channel of a second FET in the at least one
second active area, and wherein the first FET has a different
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V; from the second FET based on the different electron
affinity between the first III-V material and the second I1I-V
material.

In another aspect of the invention, a multiple V, device
structure is provided. The multiple V. device structure
includes: an alternating series of channel layers and barrier
layers in a stack on a side of a BOX opposite a substrate,
wherein the stack includes at least one first channel layer
present over at least one first barrier layer, and at least one
second channel layer present below the at least one first
barrier layer, wherein the at least one first channel layer
includes a first III-V material and the at least one second
channel layer includes a second III-V material, and wherein
the first [1I-V material has a different electron affinity from
the second I11-V material; at least one first active area and at
least one second active area defined in the stack, wherein the
at least one first channel layer is a top-most layer in the stack
in the at least one first active area, and the at least one second
channel layer is a top-most layer in the stack in the at least
one second active area, wherein the at least one first barrier
layer is configured to confine charge carriers to the at least
one first channel layer in the first active area; at least one first
gate on the at least one first channel layer in the at least one
first active area; and at least one second gate on the at least
one second channel layer in the at least one second active
area, wherein the at least one first channel layer serves as a
channel of a first FET in the at least one first active area, and
the at least one second channel layer serves as a channel of
a second FET in the at least one second active area, and
wherein the first FET has a different V . from the second FET
based on the different electron affinity between the first [1I-V
material and the second III-V material.

A more complete understanding of the present invention,
as well as further features and advantages of the present
invention, will be obtained by reference to the following
detailed description and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a cross-sectional diagram illustrating a starting
structure for forming a multiple threshold voltage (V ;) III-V
material-based device structure having an alternating series
of (I11-V) channel layers and (I1I-V) barrier layers formed as
a stack on a side of a buried oxide (BOX) opposite a
substrate according to an embodiment of the present inven-
tion;

FIG. 2 is a cross-sectional diagram illustrating multiple
(e.g., a first, second, and third) separate active areas having
been defined in the stack using shallow trench isolation
(STI) according to an embodiment of the present invention;

FIG. 3 is a cross-sectional diagram illustrating a first one
of the channel layers and a first one of the barrier layers
having been removed from the second and third active areas
according to an embodiment of the present invention;

FIG. 4 is a cross-sectional diagram illustrating a second
one of the channel layers and a second one of the barrier
layers having been removed from the third active area such
that the first channel layer is the top-most layer in the stack
in the first active area, the second channel layer is the
top-most layer in the stack in the second active area, and the
third channel layer is the top-most layer in the stack in the
third active area according to an embodiment of the present
invention;

FIG. 5 is a cross-sectional diagram illustrating gates
having been formed on the stacks in each of the active areas
according to an embodiment of the present invention;
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FIG. 6 is a cross-sectional diagram illustrating implant
extensions having been formed in the top-most channel layer
in each of the stacks on opposite sides of the gates according
to an embodiment of the present invention;

FIG. 7 is a cross-sectional diagram illustrating spacers
having been formed on opposite sides of each of the gates
according to an embodiment of the present invention;

FIG. 8 is a cross-sectional diagram illustrating raised
source and drain regions having been formed on the top-
most channel layer in each of the stacks on opposite sides of
the gates according to an embodiment of the present inven-
tion; and

FIG. 9 is a cross-sectional diagram illustrating contacts
having been formed to each of the raised source and drain
regions according to an embodiment of the present inven-
tion.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

The present techniques leverage the notion that in I1I-V
materials there is a wide spread in electron affinity y which
enables tuning of the threshold voltage (V) over a wide
range advantageously using a single gate metal (and thus
avoiding the often difficult task of matching multiple metals
with corresponding V; requirements—see above). Specifi-
cally, as provided above, the V. of long channel field effect
transistors (FETs) tracks the flat band voltage V. As
known in the art, a long channel FET is a transistor with a
sufficiently large enough length and width that edge effects
can be neglected. For example, any device with a length
greater than or equal to about 100 nanometers (nm) is
considered to be a long channel transistor. The channel
length in a long channel transistor is greater than the sum of
the source and drain depletion widths. In a long channel
transistor the threshold voltage is independent of channel
length and width.

For a metal oxide semiconductor (MOS) capacitor, V5 is
the gate metal workfunction ¢,, less . See above. With ¢,,
as a constant (i.e., in the present case a single gate metal is
preferably employed), V- can be varied by changing 5. The
electron affinity y can be changed by employing different
III-V channel materials having varied y values.

In the following example, a III-V material-based device
structure is provided having multiple V ;. (by way of example
only—three Vs are shown in the illustrative embodiment)
using multiple (III-V) channel materials separated by barrier
layers. The barrier layers not only provide confinement of
electrons to the desired channel material, but also act as etch
stop layers for process steps used in fabricating the device
structure.

An exemplary methodology for fabricating the present
III-V material-based device structure is now described by
way of reference to FIGS. 1-9. As highlighted above, the
example provided illustrates the formation of three FETs
each having a different V. (hence a multiple V. device),
however the same process can be performed in the same
manner described to produce more or fewer FET devices
than shown/described.

The term III-V semiconductor material (or simply 1II-V
material), as used herein and throughout the following
description, refers to a material that includes at least one
group III element and at least one group V element. By way
of' example only, suitable III-V materials include, but are not
limited to, one or more of aluminum gallium arsenide,
aluminum gallium nitride, aluminum arsenide, aluminum
indium arsenide, aluminum nitride, gallium antimonide,

10

15

20

25

30

35

40

45

50

55

60

65

4

gallium aluminum antimonide, gallium arsenide, gallium
arsenide antimonide, gallium nitride, indium antimonide,
indium arsenide, indium gallium arsenide, indium gallium
arsenide phosphide, indium gallium nitride, indium nitride,
indium phosphide and combinations including at least one of
the foregoing materials.

To begin the process, as shown in FIG. 1 a substrate 102
is provided. Substrate 102 provides a platform for building
the device, and therefore any suitable semiconductor device
substrates may be employed. By way of example only, the
substrate 102 is formed from a bulk semiconductor (e.g.,
silicon (Si), germanium (Ge), silicon germanium (SiGe),
etc.) wafer. A buried oxide (or BOX) 104 is then formed on
the substrate 102. While any suitable oxide material may be
used as the BOX, according to one exemplary embodiment,
the BOX 104 is an alumina (Al,0O,)/silicon dioxide (SiO,)
composite BOX. Al,0,/Si0, composite BOX structures are
described, for example, in Landru et al., “UTBOX SOI
Substrate with Composite Insulating Layer,” ECS Journal of
Solid State Science and Technology, 2 (6) Q83-Q87 (May
2013) (hereinafter “Landru”), the contents of which are
incorporated by reference as if fully set forth herein. For
example, processes are described in Landru for forming a
Si0,/Al,0,/S10, composite BOX structure.

Next, as shown in FIG. 1, an alternating series of channel
layers 106 and barrier layers 108 are then formed as a stack
on a side of the BOX 104 opposite the substrate 102.
According to an exemplary embodiment, each of the chan-
nel layers 106 and each of the barrier layers 108 will be
formed from a III-V material. The selection criteria for the
II-V material used in the channel/barrier layers is as fol-
lows: 1) each of the barrier layers is formed from a III-V
material having a wider band gap than the (III-V) channel
layer immediately on top of the barrier layer in the stack; and
2) a given one of the channel layers is formed from a I1I-V
material with a different electron affinity i from at least one
other of the (III-V) channel layers (preferably the channel
layers are all formed from different I1I-V materials having
different electron affinities). With regard to the first criteria,
one purpose of the barrier layers is to confine the charge
carriers in each of the FETs to the (III-V) channel layer
immediately on top of the barrier layer in the stack—e.g., by
selecting a wider band gap III-V material for the barrier
layer. By way of example, only suitable (III-V) barrier
layer/channel layer combinations for the stack can include
channel layer 1, channel layer 2, and channel layer 3 each
being formed from a III-V indium gallium arsenide (In-
GaAs) material having the formula In Ga,_ As, where x has
three different values to modify the electron affinity for each
of the channel layers, e.g., x=0.4, 0.3, 0.2 for channel layers
1, 2, and 3, respectively. The barrier layers could each be a
gallium arsenide material, a I1I-V aluminum arsenide mate-
rial, or a III-V aluminum gallium arsenide (AlGaAs) mate-
rial having the formula Al Ga, As. An analogous material
system would be employing a III-V gallium arsenide anti-
monide (GaAsSb) material for each of the channel layers,
and varying the As and Sb percentage for each of the channel
layers 1, 2, and 3. In that case, the barrier layers could each
be a III-V gallium antimonide material, a III-V aluminum
antimonide material, or a III-V gallium aluminum anti-
monide material. Suitable barrier layer thicknesses might be
from about 2 nanometers (nm) to about 20 nm, and ranges
therebetween, e.g., about 20 nm, and suitable channel layer
thicknesses might be from about 10 nm to about 40 nm, and
ranges therebetween, e.g., about 20 nm. See below. Further,
with regard to the second criteria, the V- of the FETs formed
will be varied based on the electron affinity y of the top-most
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channel layer in the stack (the channel layer on which the
gate stack is formed and to which the charge carriers are
confined). Thus, varying the material used in the channel
layers amongst I11-V materials with differing electron affin-
ity « will serve to vary the V, of the FETs formed using
those channel layers.

It is notable that for the present II1I-V barrier and channel
layer materials, electron affinity will to a large degree move
with materials band gap. As provided above, a (II1I-V) barrier
layer will preferably have a larger bandgap than a (III-V)
channel layer. For a general discussion of III-V material
band gap see, for example, Vurgaftman et al., “Band param-
eters for III-V compound semiconductors and their alloys,”
Journal of Applied Physics, vol. 89, no. 11 (June 2001), the
contents of which are incorporated by reference as if fully
set forth herein.

Exemplary I1I-V materials were provided above. Accord-
ing to an exemplary embodiment, each of channel layers and
barrier layers described herein are selected from those
exemplary III-V materials in accordance with the above
selection criteria. Further, for clarity, the designations first,
second, etc. may be used to refer to the III-V materials used
in the layers. For example, it may be described herein that
(e.g., a first) one of the channel layers or barrier layers is
formed from a first I1I-V material, and (e.g., a second) one
of the channel layers or barrier layers is formed from a
second III-V material, etc.

Standard epitaxial techniques can be used to grow the
III-V-based channel layers 106 and barrier layers 108 on the
BOX 104. According to an exemplary embodiment, the
channel layers 106 are all formed having a same thickness
T czanner, and the barrier layers are all formed having a
same thickness Tz ,z».z- See FIG. 1. This is however not a
requirement, and a thickness of one or more of the channel
and/or barrier layers may be individually tailored for a
particular application. By way of example only, Tz, anzr 18
preferably from about 10 nanometers (nm) to about 40 nm,
and ranges therebetween, e.g., about 20 nm.

With regard to electrostatics such as short channel effects,
the channel layers are preferably formed to be as thin as
possible, e.g., Tcginvner 18 within the above-provided
ranges, and further the channel layers 106 are preferably all
formed having the same thickness Tz nvnzr- As 1s known
in the art, short channel effects occur when the channel
length is on the same order of magnitude as the depletion
layer widths of the source and drain junctions. Short channel
effects can arise when channel lengths are scaled. Short
channel effects can be reduced by decreasing the channel
layer thickness. See, for example, K. Young, “Short-channel
effect in fully depleted SOI MOSFETs,” IEEE Transactions
on Electron Devices, vol. 36, issue 2 (February 1989), the
contents of which are incorporated by reference as if fully
set forth herein.

Further, by choosing the correct barrier layer material and
thickness Tz ,zrmrs all of the charge carriers for the corre-
sponding FET can be limited to the channel layer immedi-
ately on top of the barrier layer in the stack. In the current
example, it is desirable to limit the charge carriers to the
top-most channel layer in the stack (i.e., the channel layer on
which the gate stack is formed)—for instance channel layer
1 (also referred to herein as “Ch 1) for a FET 1, channel
layer 2 (also referred to herein as “Ch 2”) for a second FET,
and channel layer 3 (also referred to herein as “Ch 3”) for a
third FET—see below. By way of example only, a Tg ,rz/zr
of from about 2 nm to about 20 nm, and ranges therebe-
tween, e.g., about 20 nm, can be used to obtain greater than
a 90% electron confinement in the channel layer that sits on
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top of the barrier layer (i.e., by comparison with the barrier
layer, the channel layer has a lower bandgap and thus a
higher electron affinity). Further, as will be highlighted
below, the barrier layers also serve as an etch stop layer in
subsequent processing steps.

Referring to FIG. 1, a channel layer 106a is formed on a
side of the BOX 104 opposite the substrate 102. This
channel layer 1064 will correspond to the third channel layer
in the stack, and thus is labeled “Channel 3.” A barrier layer
108a is then formed on a side of the channel layer 106a
opposite the BOX 104. A channel layer 1065 is formed on
a side of the barrier layer 108a opposite the channel layer
106a. This channel layer 1065 will correspond to the second
channel layer in the stack, and thus is labeled “Channel 2.”
A barrier layer 10856 is then formed on a side of the channel
layer 1065 opposite the barrier layer 108a. Finally, a channel
layer 106¢ is formed on a side of the barrier layer 1085
opposite the channel layer 1065. This channel layer 106¢
will correspond to the first channel layer in the stack, and
thus is labeled “Channel 1.” Again, the number of layers
depicted in the figures is merely exemplary, and more or
fewer channel and/or barrier layers may be employed than is
described/depicted.

Next, as shown in FIG. 2 three separate active areas are
defined in the stack using shallow trench isolation (STI).
These three active areas will correspond to three separate
FET devices (each FET device having a different V ,——see
below)—and thus are labeled as “FET1,” “FET2,” and
“FET3.” As is known in the art, STI involves patterning
trenches in the active area (in this case the stack of channel
and barrier layers) and then filling the trenches with an
insulator, such as an oxide material (labeled “STI”). Accord-
ing to the present example, three active areas are defined.
However, this is merely an example intended to illustrate the
present techniques, and more or fewer active areas may be
employed than is described/depicted. By way of example
only, there might alternatively be multiple FET1 active
areas, multiple FET2 active areas, and/or multiple FET3
active areas formed in the same manner.

As shown in FIG. 2, the STT insulator extends completely
through each of the channel layers, down to the BOX 104.
That way isolation of the active areas through each of the
channel layers is achieved. Further, as shown in FIG. 2 the
STI insulator preferably overfills the trenches and extends
above the surface of the top-most channel layer in the stack.

As provided above, channel layer 1 will serve as the
channel layer for FET 1 (i.e., the top-most channel layer in
the stack for FET 1 to which the charge carriers are con-
fined), channel layer 2 will serve as the channel layer for
FET 2 (i.e., the top-most channel layer in the stack for FET
2 to which the charge carriers are confined), and channel
layer 3 will serve as the channel layer for FET 3 (i.e., the
top-most channel layer in the stack for FET 3 to which the
charge carriers are confined). To achieve this configuration,
a series of etching steps are next performed to selectively
remove the unneeded channel layers from the respective
stacks.

By way of example only, as shown in FIG. 3 a mask 302
is first formed covering/masking the FET 1 stack, and an
etching process is used to remove the channel layer 1
(channel layer 106¢) from the FET 2 and the FET 3 stacks.
According to an exemplary embodiment, mask 302 is a
resist mask formed using standard lithography and etching
techniques. A selective etching process such as reactive ion
etching (RIE) can be performed to remove the channel layer
1 (channel layer 106¢) from the FET 2 and the FET 3 stacks.
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Advantageously, the alternating channel and barrier layers
in the stack provide convenient etch stops. For instance, the
removal of the channel layer 1 from the FET 2 and the FET
3 stacks can be accomplished using two selective RIE steps.
First, a RIE etch of the III-V material of the channel layer 1
(channel layer 106c) is performed selective to the III-V
material of the barrier layer 1086. It is well within the
capabilities of one skilled in the art to tailor the etch
chemistry to achieve etch selectivity of one III-V material
over another. For instance, the selective etching method
using various gas chemistries and stop layer is fairly well
known in the art. See, for example, Smith et al., “High rate
and selective etching of GaN, AlGaN, and AIN using an
inductively coupled plasma,” Appl. Phys. Lett. 71 (25)
(December 1997); and Cooper et al., “Use of thin AlGaAs
and InGaAs stop-etch layers for reactive ion etch processing
of III-V compound semiconductor devices,” Appl. Phys.
Lett. 51, 26 (December 1987), the contents of both of which
are incorporated by reference as if fully set forth herein.
Second, a RIE etch of the III-V material of the barrier layer
1085 is performed selective to the III-V material of the
channel layer 2 (channel layer 1065). The result is that the
channel layer 2 is now the top-most layer in both the FET 2
and the FET 3 stacks (which will be subsequently removed
from the FET 3 stack—see below). The mask 302 can be
removed (or left in place to protect the FET 1 stack during
subsequent etching processes).

As shown in FIG. 4, the same process is repeated to
selectively remove the channel layer 2 (channel layer 1065)
from the FET 3 stack. Specifically, as shown in FIG. 4 a
mask 402 is first formed covering/masking the FET 1 and
FET 2 stacks, and an etching process is used to remove the
channel layer 2 (channel layer 1065) from the FET 3 stack.
If the mask 302 is still in place (see above) then mask 402
needs only be formed covering the FET 2 stack. However,
if the mask 302 was previously removed, then the mask 402
is formed covering both the FET 1 and FET 2 stacks. It is
this latter configuration that is shown illustrated in FIG. 4. In
either case, what is important is that both the FET 1 and FET
2 stacks are masked during the etch performed to remove the
channel layer 2 from the FET 3 stack. As with mask 302,
mask 402 can be a resist mask formed using standard
lithography and etching techniques.

A selective etching process such as RIE can be performed
to remove the channel layer 2 (channel layer 1065) from the
FET 3 stack. Again, the alternating channel and barrier
layers in the stack provide convenient etch stops. For
instance, the removal of the channel layer 2 from the FET 3
stack can be accomplished using two selective RIE steps.
First, a RIE etch of the III-V material of the channel layer 2
(channel layer 1065) is performed selective to the III-V
material of the barrier layer 108a. Second, a RIE etch of the
III-V material of the barrier layer 108a is performed selec-
tive to the III-V material of the channel layer 3 (channel
layer 1064). The result is that the channel layer 3 is now the
top-most layer in the FET 3 stack. The mask 302 and/or 402
can now be removed.

The remainder of the process flow provides an example of
steps that can be used to complete the device. However, the
FET 1, FET 2, and FET 3 channel layer stacks at this point
can be used as the platform for any desired device configu-
ration, including those having III-V channel layers with
varying electron affinity .

By way of example only, as shown in FIG. 5 gates 502
(one gate 502a, 5025, 502¢, corresponding to each of the
FET 1, FET 2, and FET 3 channel/barrier layer stacks,
respectively) are formed on the FET 1, FET 2, and FET 3
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stacks in each of the active areas. According to an exemplary
embodiment, each of the gates 502 includes a gate dielectric
504 on the top-most channel layer in the stack, a metal gate
layer 506 on a side of the gate dielectric 504 opposite the
channel layer, and a semiconductor gate layer 508 on a side
of the metal gate layer 506 opposite the gate dielectric 504.
For clarity, each of these gate layers is given the reference
numeral designation a, b, or ¢ corresponding to gates 502 a,
b, or ¢, respectively.

By way of example only, the gate stacks 502 can be
formed by blanket depositing each of the gate layers in
succession onto the structure, and then patterning the gate
layers into the distinct gates 502 a, b, and ¢. For example, a
blanket layer of the gate dielectric 504 can be deposited onto
the structure covering the top-most channel layer in each of
the FET stacks and the STI regions. A blanket layer of the
metal gate layer 506 can be deposited onto a side of the gate
dielectric 504 opposite the top-most channel layer in each of
the FET stacks/the STI regions. A blanket layer of the
semiconductor gate layer 508 can then be deposited onto a
side of the metal gate layer 506 opposite the gate dielectric
504.

Suitable gate dielectric materials include, but are not
limited to, oxides such as SiO, (low-x) and hafnium or
lanthanum oxide (high-k). Suitable gate metals include, but
are not limited to, platinum (Pt), palladium (Pd), nickel (Ni)
and/or alloys containing at least one of the foregoing metals.
Suitable semiconductor gate materials include, but are not
limited to, poly-silicon.

From the above-described exemplary gate formation pro-
cess it is apparent that a same (i.e., single) gate metal is used
for each of the gates 502. As described herein, it is through
the selection of I1I-V channel layer materials having differ-
ing electron affinity y that the V. of the devices is modu-
lated.

Optionally, the deposited gate layers can be planarized
using a process, such as chemical-mechanical polishing
(CMP). As shown in FIG. 5, planarizing the gate layers
ensures that the gates 502a, b, and ¢, all have the same height
(despite the fact that they are being constructed on FET
stacks of different thicknesses).

A standard gate lithography and etching process may then
be employed to pattern the gate layers into the individual
gates 502 q, b, and ¢. By way of example only, as shown in
FIG. 5, a gate hard mask 510 may be formed masking the
footprint and location of each of the gates 502. An etching
process such as RIE can then be used to pattern the gate
layers around the hardmask 510 to form the gates 502 q, b,
and c. Following the gate etch, the hardmask 510 can be
removed, or optionally (as shown in the figures) left in place
to protect the gates during subsequent processing steps.

Next, as shown in FIG. 6 implant extensions 602 are
formed in the top-most channel layer in each of the stacks on
opposite sides of the gates 502. As noted above, the top-most
channel layer in each of the stacks is the channel layer to
which the charge carriers are confined and thus this top-most
channel layer serves as the channel for the respective FET.
For ease of depiction, the channel layers are now being
abbreviated in the figures as “Ch 1,” “Ch 2,” and “Ch 3.”
Accordingly, the channel layer Ch 1 serves as the channel
layer in FET 1, the channel layer CH 2 serves as the channel
layer in FET 2, and the channel layer Ch 3 serves as the
channel layer in FET 3.

Standard dopant implantation and activation processes
may be employed to form the implant extensions 602. By
way of example only, suitable p-type dopants include, but
are not limited to, boron; and suitable n-type dopants
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include, but are not limited to, phosphorous. As shown in
FIG. 6, implant extensions 602a are formed into the top-
most channel layer (Ch 1—channel layer 106¢) on opposite
sides of the gate 5024 in the stack in the active region of FET
1, implant extensions 6026 are formed into the top-most
channel layer (Ch 2—channel layer 1065) on opposite sides
of the gate 50254 in the stack in the active region of FET 2,
and implant extensions 602¢ are formed into the top-most
channel layer (Ch 3—channel layer 106a) on opposite sides
of the gate 502¢ in the stack in the active region of FET 3.

Spacers 702 can then be formed on opposite sides of each
of the gates. See FIG. 7. The spacers 702 serve to offset the
gates 502 from the source and drain regions (see below) of
the FET devices. The spacers 702 can be formed by first
blanket depositing a spacer material onto the structure, and
then using standard lithography and etching (e.g., RIE) to
pattern the spacer material into the individual spacers 702.
Suitable spacer materials include, but are not limited to, a
nitride spacer material such as silicon nitride. As shown in
FIG. 7, spacers 702a are formed on opposite sides of the gate
502a in the active region of FET 1, spacers 7025 are formed
on opposite sides of the gate 5025 in the active region of
FET 2, and spacers 702¢ are formed on opposite sides of the
gate 502¢ in the active region of FET 3.

Next, as shown in FIG. 8 raised source and drain regions
802 are formed on the top-most channel layer in each of the
stacks on opposite sides of the gates 502. By way of example
only, the raised source and drain regions 802 can be formed
using an epitaxial growth process. The parameters for a
standard epitaxial process for forming raised source and
drain (RSD) regions would be apparent to one skilled in the
art, and thus are not described further herein. According to
an exemplary embodiment, the raised source and drain
regions 802 are formed from an in-situ n-doped III-V
material such as gallium arsenide, indium gallium arsenide,
gallium antimonide, and/or indium arsenide. As shown in
FIG. 8, raised source and drain regions 802a are formed on
opposite sides of the gate 502a in the active region of FET
1, raised source and drain regions 8026 are formed on
opposite sides of the gate 5024 in the active region of FET
2, and raised source and drain regions 802¢ are formed on
opposite sides of the gate 502¢ in the active region of FET
3.

Finally, as shown in FIG. 9 contacts 902 (also referred to
herein as source and drain contacts) are formed to each of
the raised source and drain regions 802. By way of example
only, contacts 902 can be formed using a salicide (self-
aligned silicide) process, wherein a silicide metal is depos-
ited onto the structure. The silicide metal will only react with
exposed semiconductor—i.e., a self-aligned process. In the
example depicted, the hard mask 510 prevents silicidation of
the gates 502. Suitable silicide metals include, but are not
limited to, nickel (Ni). An annealing process (such as rapid
thermal annealing (RTA)) is then performed to react the
silicide metal with the (e.g., in-situ n-doped II1-V material)
in the raised source and drain regions 802. As known in the
art, the annealing temperature, duration, etc. and/or amount
of'silicide metal deposited can be used to control the amount
of silicide formed for the contacts 902. Adjusting these
silicidation parameters would be within the capabilities of
one skilled in the art.

A selective (e.g., wet or dry) etching process can then be
used to remove the unreacted metal. As shown in FIG. 9,
contacts 902a are formed to the raised source and drain
regions 802a, contacts 9025 are formed to the raised source
and drain regions 8025, and contacts 902¢ are formed to the
raised source and drain regions 802c.
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Any further standard metallization and/or back-end-of-
line processing may be performed if so desired. It is notable
that the same techniques provided herein could be employed
in the same manner described to produce a variety of
different device configurations. For instance, as highlighted
above, one could in the same manner described produce
multiple FET1 and/or FET2 and/or FET3 stacks. Also, to
increase the number of different V, FETs produced, one
might start out with more than 3 channel layers in the
preliminary channel layer/barrier layer stack. To use an
illustrative example, employing four (rather than three chan-
nel layers)—i.e., Ch 1-Ch 4, could result in the production
of four FETs (i.e., FET1-FET4) each having a different V.
The present techniques are, for example, broadly applicable
to any configuration having at least two different V. I1I-V
based FETs wherein a stack of (IlI-V) channel/(11I-V) bar-
rier layers can be selectively processed in the manner
described above to produce a different top-most channel for
each of the differing V, FETs.

It is notable that terms such as “first,” “second,” etc. may
be used herein to refer to and/or distinguish various com-
ponents of the device structure, but this does not imply any
particular order. For instance, reference may be made to a
first channel layer or a first barrier layer or a first I1I-V
material so as to distinguish these components from a
second, third, etc. instance of these components.

Although illustrative embodiments of the present inven-
tion have been described herein, it is to be understood that
the invention is not limited to those precise embodiments,
and that various other changes and modifications may be
made by one skilled in the art without departing from the
scope of the invention.

29 <

What is claimed is:

1. A multiple V. device structure, comprising:

an alternating series of channel layers and barrier layers in
a stack on a side of a BOX opposite a substrate, wherein
the stack comprises at least one first channel layer
present over at least one first barrier layer, and at least
one second channel layer present below the at least one
first barrier layer, wherein the at least one first channel
layer comprises a first I[II-V material and the at least
one second channel layer comprises a second III-V
material, and wherein the first III-V material has a
different electron affinity from the second III-V mate-
rial;

at least one first active area and at least one second active
area defined in the stack, wherein the at least one first
channel layer is a top-most layer in the stack in the at
least one first active area, and the at least one second
channel layer is a top-most layer in the stack in the at
least one second active area, wherein the at least one
first barrier layer is configured to confine charge car-
riers to the at least one first channel layer in the first
active area;

at least one first gate on the at least one first channel layer
in the at least one first active area; and

at least one second gate on the at least one second channel
layer in the at least one second active area,

wherein the at least one first channel layer serves as a
channel of a first FET in the at least one first active area,
and the at least one second channel layer serves as a
channel of a second FET in the at least one second
active area, and wherein the first FET has a different V ,.
from the second FET based on the different electron
affinity between the first I1I-V material and the second
1I1-V material.
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2. The multiple V, device structure of claim 1, wherein
the at least one first barrier layer comprises a wider band gap
1I1-V material than the first III-V material.

3. The multiple V, device structure of claim 1, wherein
the at least one first gate and the at least one second gate each
both comprise a gate dielectric, a gate metal layer on the gate
dielectric, and a semiconductor gate layer on a side of the
gate metal layer opposite the gate dielectric.

4. The multiple V. device structure of claim 3, wherein
the gate metal layer comprises a same gate metal in both the
at least one first gate and the at least one second gate.

5. The multiple V, device structure of claim 1, further
comprising:

spacers on opposite sides of the at least one first gate and

on opposite sides of the at least one second gate; and
raised source and drain regions on the at least one first
channel layer on opposite sides of the at least one first
gate, and on the at least one second channel layer on
opposite sides of the at least one second gate.

5
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6. The multiple V. device structure of claim 5, further 20

comprising:

contacts to the raised source and drain regions.

7. The multiple V. device structure of claim 1, wherein
the stack further comprises at least one second barrier layer
below the at least one second channel layer and at least one

12

third channel layer below the at least one second barrier
layer, wherein the at least one third channel layer comprises
a third III-V material, and wherein the third I1I-V material
has a different electron affinity from both the first 11I-V
material and the second III-V material.
8. The multiple V, device structure of claim 7, further
comprising:
at least one third active area defined in the stack, wherein
the at least one third channel layer is a top-most layer
in the stack in the at least one third active area, and
wherein the at least one second barrier layer is config-
ured to confine charge carriers to the at least one third
channel layer in the third active area.
9. The multiple V, device structure of claim 8, further
comprising:
at least one third gate on the at least one third channel
layer in the at least one third active area, wherein the at
least one third channel layer serves as a channel of a
third FET in the at least one third active area, and
wherein the third FET has a different V. from both the
first FET and the second FET based on the different
electron affinity between the first I1II-V material, the
second III-V material, and the third III-V material.
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